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The inflammatory response is a protective process of
the body to counteract xenobiotic penetration and
injury, although in disease this response can become
deregulated. There are endogenous biochemical path-
ways that operate in the host to keep inflammation
under control. Here we demonstrate that the counter-
regulator annexin 1 (AnxA1) is critical for controlling
experimental endotoxemia. Lipopolysaccharide (LPS)
markedly activated the AnxA1 gene in epithelial cells,
neutrophils, and peritoneal, mesenteric, and alveolar
macrophages—cell types known to function in ex-
perimental endotoxemia. Administration of LPS to
AnxAl-deficient mice produced a toxic response
characterized by organ injury and lethality within 48
hours, a phenotype rescued by exogenous applica-
tion of low doses of the protein. In the absence of
AnxA1l, LPS generated a deregulated cellular and cy-
tokine response with a marked degree of leukocyte
adhesion in the microcirculation. Analysis of LPS re-
ceptor expression in AnxAl-null macrophages indi-
cated an aberrant expression of Toll-like receptor 4.
In conclusion, this study has detailed cellular and
biochemical alterations associated with AnxAI1 gene
deletion and highlighted the impact of this protective
circuit for the correct functioning of the homeostatic
response to sublethal doses of LPS. (4Am J Pathol
2005, 166:1607-1617)

The systemic inflammatory response syndrome (SIRS) is
characterized by a generalized activation of inflammatory

processes normally activated in the host to counteract
specific and localized inflammatory insults.” Thus, cell
activation at the site of the inflammatory insult or infection
leads to release of cytokines and other proinflammatory
mediators that ultimately produces a systemic response,
the end-point of which is leukocyte infiltration into organs.
If excessively activated, these cells produce oxygen-free
radicals and other cytotoxic products leading to organ
failure and possibly death."?

Despite this well accepted scenario, clinical trials of
drugs aimed at blocking one or more specific proinflam-
matory mediators have failed to make an impact on the
outcome of SIRS and other related pathologies, eg,
shock. To explain this failure, an emerging concept pro-
poses that the proinflammatory phase of SIRS might be
required to trigger the endogenous protective mecha-
nisms to restore homeostasis: the functional link between
proinflammatory/detrimental  versus anti-inflammatory/
protective phases could explain the failure of therapies
aiming simply to prevent or reduce the release and/or
effects of proinflammatory mediators.’

Recent interest in the field of inflammation research has
been boosted by the elucidation of mechanisms that oper-
ate in the host during the resolution phase of the inflamma-
tory response, thereby assuring its strict time dependency
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and self-limiting nature.® Whereas some of these mecha-
nisms have been studied in models of acute resolving in-
nate immune response? it is unclear whether they impact on
the more complex and altogether stronger inflammatory
phenomena that are activated in SIRS or, experimentally,
after administration of lipopolysaccharide (LPS).

One of the endogenous anti-inflammatory mediators ac-
tive during the resolution phase of inflammation is the 37-kd
protein annexin 1. Originally identified as a glucocorticoid-
regulated protein, and termed lipocortin 1, cloning of the
protein positioned it as the first member of a family of ho-
mologous proteins sharing the ability of binding acidic
phospholipids in the presence of calcium ions.®> Human
recombinant annexin 1 (hrANXA1) exerts an exquisite con-
trol on the process of leukocyte [predominantly neutrophil,
polymorphonuclear leukocyte (PMN)] adhesion to the acti-
vated postcapillary endothelium of inflamed vascular
beds.® The proresolution effect of endogenous murine an-
nexin 1 (AnxA1) is highlighted by the prolonged PMN re-
cruitment observed in mice passively immunized against
this protein.” Coupled to recent report of a putative ANXA1
PMN receptor (that is shared with another anti-inflammatory
mediator, the lipid lipoxin A,),? it seems that the endoge-
nous annexin 1 system could become fully operative within
the microenvironment of an adnherent PMN.® Other cell
types central to innate immunity and major sources of
AnxA1 are epithelial cells and the macrophage,® reported to
be inhibitable by exogenous application of the protein. '™
Conversely, absence of the AnxA7 gene is associated with
up-regulated cellular functions, often linked to a long-lasting
degree of activation. '3

In the present study we used AnxA1-null mice, recently
shown to exhibit a stronger response in models of acute
and chronic inflammation, ' to explore the protective role
of this endogenous mediator in response to LPS adminis-
tration. We report here an exquisite protective role for the
protein because its absence sensitized mice to LPS-in-
duced lethality. More importantly, using the LacZ gene as a
reporter of mouse AnxA1 promoter activity,'* here we show
for the first time that AnxA7 gene activation occurs in vivo in
inflammatory cells and tissues concomitantly with the re-
solving phase of the inflammatory reaction.

Materials and Methods

Animals and Systemic Endotoxemia

Male wild-type littermate control and AnxA1-null mice (20
to 25 g body weight)'* were maintained on a standard
chow pellet diet with tap water ad libitum. Animals were
housed at a density of five animals per cage in a room
with controlled lighting (lights on from 8:00 a.m. to 8:00
p.m.) in which the temperature was maintained at 21 to
23°C. Animal work was performed according to United
Kingdom Home Office regulations (Guidance on the Op-
eration of Animals, Scientific Procedures Act 1986).
Peritoneal and systemic inflammation was produced by
injection of 10 mg/kg i.p. of Escherichia coli LPS (serotype
0111:B4, specific activity, >500,000 U/mg; Sigma-Aldrich
Chemical Co., Poole, Dorset, UK). Control animals were

injected intraperitoneally with an equal volume of phos-
phate-buffered saline (PBS). In survival studies, mice were
monitored two times a day for up to 96 hours. A separate
group of mice was treated with 10 ng of hrANXA1 given
intraperitoneally together with LPS, and also at 6, 12, and 24
hours after LPS injection. For other investigations, 1-ml
blood aliquots were taken under anesthesia and peritoneal
cavities were washed with 3 ml of PBS containing 3 mmol/L
ethylenediamine tetraacetic acid (EDTA); for tissue collec-
tion, hearts were perfused with 20 ml of PBS/EDTA, and
fragments of trachea, lung, mesentery, and kidney were
collected and processed as described below.

Biochemical Analyses
Cytokines

Aliquots of blood and peritoneal lavage fluids were
centrifuged at 4000 or 400 X g for 10 minutes, respec-
tively. Then, concentrations of tumor necrosis factor
(TNF)-a, interleukin (IL)-6, and IL-10 of plasma samples
or cell-free lavage fluids were measured using specific
enzyme-linked immunosorbent assay kits purchased
from R&D System (Abingdon, UK).

Blood Chemistry

Plasma samples were analyzed by a contract labora-
tory (Vetlab Services, Horsham, Sussex, UK). Liver integ-
rity was assessed by measuring circulating aspartate
aminotransferase and alanine aminotransferase (their
presence being indicative of hepatocyte injury). Renal
function was assessed by measuring serum levels of
creatinine (an indicator of reduced glomerular filtration
rate, and hence, renal failure), whereas plasma lipase
served as an indicator of pancreas injury.

Cellular Analyses
Macrophage Signaling

Toll-like receptor 4 (TLR4) expression in peritoneal mac-
rophages incubated with 1 ug/ml of LPS was determined by
reverse transcriptase (RT)-polymerase chain reaction
(PCR) analysis. Total RNA was extracted from peritoneal
macrophages with classical protocols and used for first-
strand cDNA synthesis with oligo-dT primers (Invitrogen,
Paisley, UK) and AMV reverse transcriptase (Invitrogen)
according to the manufacturer’s protocol. Semiquantitative
reverse-transcriptase PCR was performed by using the
primer set 5'-GCAATGTCTCTGGCAGGTGTA-3" and 5'-
CAAGGGATAAGAACGCTGAGA-3' for TLR4, 5'-CAAGG-
GATAAGAACGCTGAGA-3" and 5-TGCAATCCTGTGGC-
ATCCATGAAAC-3' for B-actin and 30 to 34 cycles with 1 U
of Tag polymerase (Promega). For each condition, twofold
serial dilutions of cDNA equivalents obtained from the same
number of cells were used. All PCR reactions were sepa-
rated by 1% agarose gel in 1X TRIS acetic acid EDTA and
were visualized by ethidium bromide staining. Cytokine



contents in cell-free supernatants were determined by
enzyme-linked immunosorbent assay (R&D System).

Cell Quantification

Peritoneal cell numbers were determined after 1:10
dilution of lavage fluid aliquots in Turk’s solution, by dif-
ferential counting in a Neubauer chamber with a x40
objective in a light microscope (Nikon, Tokyo, Japan).
Circulating leukocyte numbers were obtained in a similar
manner.

CD11b Expression on Circulating Leukocytes

A recently described whole blood protocol® was used
to monitor leukocyte CD11b expression, a marker of the
activation state of circulating cells.

Histological Analyses

Peritoneal and blood cells as well as fragments of lung,
mesentery, liver, and kidney were fixed in 4% paraformal-
dehyde, 0.5% glutaraldehyde, and 0.1 mol/L sodium
phosphate buffer, pH 7.4, for 2 hours at 4°C. After, the
fragments were washed in the same buffer, dehydrated
through a graded series of ethanol, and embedded in LR
Gold resin (London Resin Co., Reading, Berkshire, UK).
Samples were then cut on an ultramicrotome (Reichert
Ultracut; Leica, Vienna, Austria) and placed on glass
slides for subsequent analysis.

Annexin-1 Gene Expression by X-Gal Stain

AnxA1-null mice have a LacZ gene encapsulated into the
targeting construct' to measure gene expression, cells
and tissues from AnxA1-null mice were stained with the
histochemical X-Gal technique. In the presence of B-ga-
lactosidase, this staining produces a characteristic Prus-
sian blue color. Samples were fixed in 4% paraformalde-
hyde, 0.1 mol/L phosphate buffer, pH 7.3, for 1 hour at
4°C and washed with a rinse solution (0.1 mol/L phos-
phate buffer, pH 8, 2 mmol/L MgCl,, 0.1% Triton X-100),
three times for 30 minutes each. Samples were stained
overnight at 37°C using X-Gal staining solution (5 mmol/L
potassium ferricyanide and 5 mmol/L potassium ferro-
cyanide in rinse buffer plus 1 mg/ml B-galactosidase in
dimethylformamide). Fragments were then washed in
PBS at room temperature and postfixed in 4% parafor-
maldehyde before embedding in LR Gold resin.

Data Handing and Statistical Analysis

Leukocyte counts are reported as mean + SEM of n mice
per group. Quantification of cell numbers in the tissue
samples was performed with a x40 objective counting
cells in 100-um? areas (analyzing at least 10 distinct
sections per animal). Densitometric analysis for X-Gal
staining used an arbitrary scale ranging from 0 to 255
units. Statistical differences between groups were deter-

Annexin 1 Deficiency and Endotoxemia 1609
AJP June 2005, Vol. 166, No. 6

mined by analysis of variance followed, if significant, by
the Bonferroni test. Survival data were analyzed by the
Fisher’'s exact test. In all cases a P value less than 0.05
was taken as significant.

Results

Annexin 1 Gene Activation

In the initial part of the study we monitored the temporal
and spatial AnxA1 gene promoter activation. In resting
conditions all circulating PMNs were positive for LacZ as
visibly shown in Figure 1, a to d, whereas a lower per-
centage (~60%) of monocytes and lymphocytes were
also positive. However, LPS treatment induced a time-
dependent increase (almost double) of X-Gal staining in
blood PMNs in response to LPS at both 1.5 and 6 hours
after treatment, with values returning to basal by 24 hours
(cumulative data shown in Figure 1e). By this time point
only ~50% of circulating PMNs were positive, indicating,
possibly, that bone marrow-derived PMNs might exhibit
less AnxA1 gene promoter activity (Figure 1e). Circulat-
ing mononuclear cells also displayed transient increases
in X-Gal staining, again with a rebound at 24 hours
(Figure 1e).

Tissue activation of AnxA7 gene promoter was moni-
tored in the mesentery microcirculation. Whereas no ma-
jor changes in endothelial X-Gal were detected up to 24
hours after LPS, the extent of staining in adherent PMNs
reflected the values measured in other blood cells (Figure
1, compare e with j). In contrast, significantly higher
expression (between 75 and 100 U) was measured in
extravasated PMNs when compared to adherent (Figure
1j) or circulating (Figure 1e) cells (P < 0.05). This is
visually shown in Figure 1, h and i, with control reactions
being reported in Figure 1, f and g.

The same colorimetric reaction was used to monitor
the AnxA71 gene promoter response in selected organs.
Figure 2 reports data for the 6-hour time point. In the
kidney glomerulum, mesangial cells were marginally pos-
itive for AnxA1 in control sections (Figure 2A), whereas,
after LPS injection, X-Gal-positive staining could be de-
tected in extravasated PMNs (Figure 2B). Similar, al-
though to a more modest degree, was the response in the
liver. The response in the lung was more intense. Control
lung sections displayed X-Gal staining in the alveolar
macrophage and the bronchial epithelium (Figure 2; F to
H), and this was markedly up-regulated after LPS treat-
ment, this time including also the extravasated PMNs
(Figure 2; I to K). Table 1 reports the time course for X-Gal
staining in selected organs and cells.

LPS-Induced Lethality

Treatment of mice with 10 mg/kg of LPS induced early
clinical signs of SIRS, including lethargy, pyloerection,
diarrhea, and tachypnea, which yielded little mortality (1
mouse of 10; Figure 3). In contrast, a high rate of mortality
was observed in AnxA1-null mice, which was evident
from 24 hours and reached 100% mortality by 48 hours.
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Figure 1. The AnxA1 gene is activated in blood and extravasating leukocytes. LacZ staining: AnxA1-null mice received 10 mg/kg of LPS intraperitoneally at time
0. At different time points after LPS, blood aliquots or mesenteric tissue were collected and samples processed for the X-Gal staining, with hematoxylin
counterstaining, as described in the Materials and Methods. Blood cell analysis: a and b: monocyte (a) and neutrophil (b) staining at time 0; ¢ and d: cells at 6
hours after LPS. Mesenteric tissue analysis: f and g: marginal staining in the endothelial cell layer (arrows) at time 0; h and i: example of intravascular leukocytes
(arrowheads) adherent to the endothelial cells (arrow) and both were LacZ-positive (6 hours after LPS). Inset: Staining of a transmigrated leukocyte. e and j:
The cumulative values from densitometric analysis for circulating blood cells, respectively. Numbers in brackets refer to the percentage of X-Gal-positive stain
for each cell type. Data are mean * SEM of five mice per group. *P < 0.05 versus corresponding littermate group values. Scale bars, 10 wm.

Application of hrANXA1 (10 ng given four times in the first
24 hours for a total of 40 ng or 1.08 pmol per mouse)
restored most of the wild-type phenotype such that only
three mice died and in a delayed manner (not significant
versus wild-type values). Subsequent investigations were
predominantly restricted to the first 24 hours after LPS, ie,
when mortality of AnxA1-null mice begun.

Plasma level markers of kidney, liver, and pancreas
toxicity were not changed, or only mildly modified, in
wild-type mice up to 24 hours after LPS (Figure 4; a to

d). The only exception was liver alanine aminotransfer-
ase, which was transiently augmented at 6 hours after
LPS (P < 0.05 versus time 0 values) (Figure 4c). In
AnxA1-null mice basal values were identical to those
measured in wild-type mice, however profoundly dif-
ferent kinetics were observed after LPS treatment. At
the 24-hour time point all four markers under analysis
were higher in the AnxA1-null mice, both respect to
time O values and the correspondent values in wild-
type mice (Figure 4).
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Figure 2. Analysis of AnxA1 gene activation in representative organs. AnxAl-null mice received 10 mg/kg of LPS intraperitoneally at time 0 and organs were
harvested at the 6-hour time point. Samples were processed for the X-Gal staining, and hematoxylin counterstaining, as described in the Materials and Methods.
A and B: Kidney section showing AnxA1 gene expression on the glomerulum (arrows) before (A) and after (B) LPS. C: Liver section showing that in untreated
mice hepatocytes were negative to X-Gal stain, whereas in D, after LPS administration, some hepatocytes and extravasated leukocytes displayed mild staining.
F: In control lungs, epithelial cells and the alveolar macrophages (arrow) were positive for X-Gal staining. I+ After LPS administration, marked coloration was
obtained in the terminal bronchiole epithelium; J and K: in the bronchi, some adherent leukocytes (arrowhead) and alveolar macrophages (arrow) were also
positive. Scale bars, 10 um.
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Table 1. Annexin 1 Promoter Gene Activation in Mouse Organs during Endotoxemia
Organ Localization Basal Time after LPS (hours)
15 6 24
Lung Epithelium 61*9 29 + 3* 108 = 9* 37+3
Alveolar macrophage 55+ 4 60 = 4 85 + 9* 52 =10
Intravascular leukocyte 0 533 61 x4 555
Extravasated leukocyte 0 0 105 £ 5 78 =3
Trachea Epithelium 383x3 36 =3 37+3 210 = 11*
Kidney Glomerulum 22+5 50 = 3¢ 47 = 3¢ 375
Liver Hepatocytes 0 251 303 383

AnxA1-null mice received 10 mg/kg i.p. LPS at time O, and organs were collected at the reported time points. Histological preparations and X-Gal
staining were done as described in the Materials and Methods section. Values (densitometric units) are mean = SEM of 10 tissue sections analyzed

from five mice per group.
*P < 0.05 versus time 0.

Cytokine and Cellular Profiles

Figure 3 illustrates the values obtained for plasma cyto-
kine contents. In wild-type mice, LPS provoked the ex-
pected transient increase in plasma TNF-a'” (Figure 5a),
followed by changes in IL-6 and IL-10 (Figure 5, b and c).
In AnxA1-null mice the cytokine response was delayed
and did not resolve within the time frame under analysis.
For instance, high TNF-« levels were measured at both 6
and 24 hours after LPS (Figure 5a). In the absence of
endogenous AnxA1, the IL-6 response was equally pro-
tracted (24 hours after LPS, Figure 5b).

Similarly to cytokine release, profiles of cell trafficking
were markedly altered in AnxA1-null mice. In wild-type
mice, peritoneal leukocyte occurred with slow kinetics
(Figure 6; d to f), and this local response was followed by
blood leukocytosis, maximal at 24 hours (Figure 6; a to c).
Different were the results obtained in AnxA1-null mice.
Whereas no significant differences in resident peritoneal
cells were detected, LPS injection provoked an intense
and rapid influx of PMNs, monocytes, and lymphocytes
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Figure 3. Modulation of mouse survival by AnxAl. Wild-type and AnxAl-
null mice received 10 mg/kg of LPS intraperitoneally at time 0 and survival
rate was monitored at 12-hour intervals up to 96 hours after LPS. A group of
AnxAl-null mice was rescued by receiving 10 ng of hrANXAL1 at time 0, 4, 8,
and 24 hours (arrows) after LPS (). Results are cumulated from three
experiments with a total of 20 mice per group. *P < 0.01 versus correspond-
ing wild-type value. P < 0.05 versus AnxAl-null alone.

(Figure 6; d to f); however after a peak at 1.5 hours,
cellular trafficking ceased, probably with the exception of
the lymphocytes (Figure 6f). Cell values at 24 hours were
significantly lower than those measured in wild-type mice
(Figure 6; d to f) possibly because of a less intense
leukocytosis (Figure 6; a to c¢). Blood PMN counts were
reduced by more than 50% in AnxA1-null mice at 24
hours after LPS (Figure 4a), and similar decreases were
also measured for monocyte (Figure 6b) and lymphocyte
counts (Figure 6c). Besides alteration in blood cell
counts, AnxA1 cells displayed a significantly higher de-
gree of activation in response to LPS, as assessed by
CD11b expression (Figure 7). In wild-type mice LPS ac-
tivated circulating PMNs (Figure 7a) and monocytes (Fig-
ure 7b), and in AnxA1-null mice this response was more
marked and lasted longer (Figure 7).

Morphological Studies

Cell counts in the mesenteric tissue indicated a marked
degree of cell adhesion and emigration in the mesenteric
microcirculation. LPS injection provoked cell influx in
wild-type mice (Figure 8, C and D and E and F) whereas
no blood cells were found in untreated mice (Figure 8, A
and B). The same held true for AnxA1-null mice (Figure 8,
G and J). Quantitative analysis of several mesenteric
sections revealed a rapid and intense degree of leuko-
cyte adhesion to the postcapillary venule endothelium of
AnxA1-null mice (Figure 8K). This did not correspond to a
higher degree of cell counts in the subendothelial matrix
area. Deregulated leukocyte recruitment was also de-
tected in the organs under analysis. Mice deficient in
AnxA1 displayed a higher degree of leukocyte (predom-
inantly PMNs at 1.5 to 6 hours, and monocytes at 24
hours) adhesion in kidney and lung microvessels with
increments ranging from threefold to fivefold greater than
the values measured in wild-type mice (Table 2). A similar
phenomenon, although to a lower degree, was also ob-
served in liver sinusoids (Table 2).

Macrophage Activation

To correlate the increase in mortality of the AnxA1-null
mice with the increased activation of inflammatory cells,
we then monitored TLR4 mRNA expression in basal and
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Figure 4. Serum markers of organ injury. Wild-type and AnxAl-null mice
received 10 mg/kg of LPS intraperitoneally at time 0. Blood was collected at the
reported time points and specific markers for kidney (creatinine), liver (aspartate
aminotransferase, AST; alanine aminotransferase, ALT), and pancreas (lipase)
injury determined. Data are mean = SEM from five mice per genotype per time
point. *P < 0.05 versus corresponding wild-type group values.

LPS-activated macrophages. As shown in Figure 9a, in
wild-type macrophages LPS provoked the expected
TLR4 mRNA down-regulation that did not occur in AnxA1-
null macrophages, since intense TLR4 mRNA was de-
tected at 4 hours after stimulation. Interestingly, the pro-
file of cytokine release mirrored the pattern of TLR4
expression, with a lower peak of TNF-a being measured
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Figure 5. Serum cytokine levels. Wild-type and AnxAl-null mice received 10
mg/kg of LPS intraperitoneally at time 0. Blood was collected at the reported
time points and serum concentration of TNF-a (a), IL-6 (b), and IL-10 (¢)
determined. Results are from 10 mice per group. *P < 0.05 versus corre-
sponding wild-type group values.

early after LPS addition to AnxA1-null macrophages
and an increased release of IL-1B at later time points
(Figure 9b).

Discussion

SIRS is a complex multiprocess response of the host
caused by bacterial infection and experimentally repro-
duced by injecting LPS. Both local and systemic re-
sponses are then activated leading to a partially charac-
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terized cascade of events, including release of cytokines
(of which TNF-a seems to be the most significant) and
generalized activation of the microcirculation. Dysregu-
lated leukocyte activation and recruitment then occurs
leading to the first signs of organ injury that may be
followed by multiple organ failure with consequent lethal-
ity."? In terms of pathophysiological mechanisms, the
initial hypothesis of the cytokine storm proposed that the
intense local and systemic release of cytokines would
lead to generalized and uncontrolled activation of inflam-
matory processes ultimately producing injurious effects.
However, the markedly high cytokine levels measured
experimentally after high-dose LPS injection are rarely
seen in clinical syndrome of SIRS. More recently, the
contrasting possibility that the cytokine storm could be
protective by activating the host anti-inflammatory prore-
solving response has been proposed.’'® This putative
functional link between the initial proinflammatory phase
leading to the anti-inflammatory/protective phase, is also
reinforced by the fact that anti-cytokine therapy some-
times can worsen, rather than mitigate, SIRS outcome.'®

Recent analysis of clinical data indicate that anti-cytokine
therapy fails predominantly when the risk of death is ~20 to
30% of the SIRS patient population.®® Interestingly, in this
specific condition, which represents the majority of clinical
cases, low-dose glucocorticoids are proven to be benefi-
cial.®’ Administration of low-dose glucocorticoids to hu-
mans?? and rodents®® has long been known to increase
cell-associated annexin 1 protein contents in circulating
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Figure 7.CDI11b expression on circulating leukocytes. Wild-type and
AnxAl-null mice received 10 mg/kg of LPS intraperitoneally at time 0. At
different time points after LPS, blood was collected and CD11 expression on
PMNs (a) and monocytes (b) quantified by flow cytometry. Data are mean =+
SEM from three experiments performed with two to three mice each. Basal
CD11b expression was 98 = 10 and 87 * 8 median fluorescent units for
wild-type and AnxAl-null PMNs, respectively, and 130 * 10 and 120 %= 15
median fluorescent units of wild-type and AnxAl-null monocytes. *P < 0.05
versus corresponding wild-type group values.

leukocytes. Thus, here we set out to investigate the effect of
AnxA1 gene deficiency in an experimental condition char-
acterized by a low degree of mortality, produced experi-
mentally by administering 10 mg/kg of LPS.

In this study we used genetically modified mice to reveal
a pivotal role for the anti-inflammatory mediator AnxA1 after
experimental endotoxemia. Thus, after LPS administration,
the AnxAT1 gene is switched on in a discreet and temporally
regulated manner. This process is so important that in its
absence a marked dysregulation of local and systemic
inflammatory parameters occurs; in several organs, the in-
tense cell activation within the microvasculature (evident by
marked cell adhesion and gene activation in extravasated
cells) that ensues is incompatible with survival. Importantly,
this phenotype could be significantly rescued by systemic
administration of small doses of hrANXA1.

In wild-type mice, LPS produced transient changes in
plasma markers of organ injury as well as of specific
cytokine levels, causing the classical early TNF-a re-
sponse.’” Endogenous AnxA1 plays a major role in as-
suring the transient profile of this response since, its
absence, prolonged and/or more marked elevation of
these plasma proteins was measured. Markers of organ
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Figure 8. Leukocyte infiltration into the mesenteric tissue. Wild-type and
AnxAl-null mice received 10 mg/kg of LPS intraperitoneally at time 0. At
different time points, mesenteries were collected and treated as described in
the Materials and Methods (hematoxylin stain). A—F: Tissues from wild-type
mice. A and B: Control tissue showing no leukocytes in the connective tissue;
C-F: LPS-treated (6 hours) mesenteric tissue showing intravascular (arrows)
and transmigrated leukocyte (arrowheads). G-J: AnxAl-null mice. G and
H: Control sections with no leukocyte adhesion to the endothelial cells
(arrow); I and J: marked degree of cell adhesion (arrowhead) to the
endothelial vessels (arrow) as seen after LPS administration (6-hour time
point). K: Semiquantitative analysis of the histological sections showing
intravascular and extravascular leukocytes in wild-type mice and in AnxAl-
null mice. Data are mean = SEM from five mice per genotype per time point.
*P < 0.05 versus corresponding wild-type group values. Scale bars, 10 wm.

injuries were significantly higher in the AnxA1-null mice
and this was paralleled by greater mortality. Recent stud-
ies have addressed the effects of endogenous AnxA1 on
the specific responses associated with LPS treatment.
Initially, the protective property of dexamethasone on
LPS-induced hypotension and iNOS induction in the rat
was partially reverted by anti-AnxA1 antisera.>* We have
subsequently used a mouse model to demonstrate that
administration of 1 mg/kg of LPS augmented tissue pro-
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tein and MRNA expression of AnxA1.2> More recently,
basal INOS expression in the lung of AnxA1-null mice has
been reported.'*

Experimental endotoxemia is characterized by a marked
degree of leukocyte activation within the vasculature asso-
ciated with a characteristic reduction in white blood cell
emigration. LPS produces PMN trapping in the lung and in
other microvascular beds, as a result of the intravascular
cell activation and the well-described phenomenon of cell
stiffening.?®2” Once this marked intravascular activation
takes place, it precludes white blood cell egress from the
vessels into the tissue.® This might be due, at least partially,
to LPS signaling overriding the more discreet local direc-
tional signaling produced by leukocyte chemoattractants®®
and may be an escape process evolved by bacteria to
evade the host response. Indeed, a modest egress of
blood-borne cells outside the mesenteric postcapillary
venule was detected in both genotypes. AnxA1 deficiency
produced even further dysregulation indicating its important
counterregulatory role. In AnxA1-null mice, LPS produced
rapid (90 minutes) cell extravasation into the peritoneal cav-
ity that quickly subsided. This was in contrast to the slow
and steadily increasing extravasation detected in wild-type
mice, and was negatively mirrored by LPS white blood cell
profiles in the blood. Interestingly, all white blood cell sub-
types were affected by AnxA1 deficiency. Whereas a direct
effect of the endogenous protein on PMN and mono-
cyte profiles®®3! could be foreseen, it is less clear how
AnxA1 could modulate lymphocytosis and lymphocyte
recruitment.®?

Besides cell count profiles, AnxA1 deficiency was asso-
ciated with altered kinetics and activation state of circulating
PMNs and monocytes, as determined by measuring
plasma membrane CD11b levels. This effect is in line with
the inhibitory properties of exogenously applied hrANXA1
on human and rodent PMN and monocyte activation,’*3" in
some cases also demonstrated for glucocorticoids.®%34
Some studies have recently addressed the effects of AnxA7
gene deficiency on inflammatory cell activation. Regarding
the resident macrophage, we have recently highlighted a
stimulus-specific defect in phagocytosis.'® Moreover, lung
fibroblasts prepared from AnxA1-null mice also exhibit
higher susceptibility to activation.'?

The final part of the study focused on two novel as-
pects addressing, on one hand, potential alterations in
LPS molecular mechanism due to AnxA7 gene deficiency
and, on the other hand, monitoring AnxA7 gene expres-
sion in a time and spatial manner. The majority of phe-
nomena associated with experimental SIRS are due to
LPS activation of TLR4:;3® this is particularly true for PMN
responses such as trapping in the lung and the defect in
extravasation®® as well as macrophage activation.3>3’
Macrophages taken from AnxA1-null mice had a dys-
regulated expression of TLR4 (but not TLR2 mRNA;
F.D.A., unpublished observation). In particular, there was
an evident lack of receptor mRNA down-regulation after
exposure to LPS, a phenomenon described for mouse
TLR4.%7 The possible cell signaling consequences of this
fact are still unclear, because preliminary experiments
did not reveal specific changes in the degree of mitogen-
activated protein kinase activation (unpublished data).



1616 Damazo et al
AJP June 2005, Vol. 166, No. 6

Table 2. Organ Infiltration of Blood-Borne Cells during Endotoxemia
Organ/tissue Genotype Basal Time after LPS (hours)
1.5 6 24
Lung Wild type 0 9318 81=17 10.4 = 0.9
AnxA1-null mice 0 13.6 = 1.5% 76*+09 2.8 +0.57
Kidney Wild type 0 12+05 15=0.2 32=x=02
AnxA1-null mice 0 1.1x03 3.0%1.3" 0.8 £0.5*
Liver Wild type 0 02=0. 0.2 =0.1 0.1 =0.1
AnxA1-null mice 0 0.6 0.2 03 *0.1 0.1 £0.1

Mice received 10 mg/kg i.p. LPS at time O, and organs were collected at the reported time points. Histological preparations were done as
described in the Materials and Methods section. Data (mean = SEM) are reported as number of cells per 100 um? (1-um sections) and are from five

mice per group.
* P < 0.05 versus respective wild-type group value.

Finally, AnxA7 gene activation was monitored using the
LacZ reporter gene'* and by performing histological deter-
minations for X-Gal staining. The data obtained indicate the
existence of a strict time and spatial relationship for expres-
sion of this homeostatic mediator. After intraperitoneal LPS,
resident macrophages in the peritoneum are probably the
first cells to strongly activate this gene, followed immedi-
ately after by the extravasated PMNs. Extravasated PMNs in
the mesenteric subendothelial space had lighted on the
AnxAT1 gene more than intravascular PMNs adherent to the
endothelial vessel wall. The same staining approach al-
lowed us to monitor AnxAT gene expression in circulating
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Figure 9. TLR4 mRNA expression in peritoneal macrophages and in vitro
cytokine release. Analysis of LPS-induced TLR4 expression and cytokine
production in macrophages from wild-type and AnxAl-null mice. a: Analysis
of TLR4 and B-actin expression by RT-PCR in peritoneal macrophages stim-
ulated with LPS (concentration 1 pg/ml) up to 4 hours. At each time point
twofold serial dilutions of cDNA equivalents obtained from the same number
of cells were used (expressly, 0.5, 1, and 2 ug cDNA). b: TNF-« and IL-1
production profile of peritoneal macrophages collected from wild-type or
AnxAl-null mice, and stimulated with LPS as in a. Values are mean * SE of
n = 3 to 4 independent determinations. *P < 0.05 versus corresponding
wild-type group values.

leukocytes, and the pattern observed (high expression in
PMNs and monocytes, but less so in lymphocytes) is con-
gruent with the protein expression data reported for hu-
man3® and mouse®® blood cells.

LPS injection caused distant organ AnxA7 gene activa-
tion: cells previously shown to express AnxA1 protein dis-
played higher basal AnxA7 gene activation and responded
more intensively to LPS. In particular epithelial cells, PMNs,
and macrophages (both peritoneal and alveolar) were
strongly positive. There is ample literature that has studied,
throughout the years, the pharmacological effects of this
protein and its peptido-mimetics on specific responses of
these cell types, both in vitro and in vivo.® However, this is
the first time that cellular AnxA7 gene expression could
been monitored in a systematic manner during an on-going
inflammatory response. The results obtained indicate that
regular AnxA1 levels are required to achieve an appropriate
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activation of cells pivotal in the local and systemic response
to LPS, these being the resident epithelial cells and the
macrophages as well as circulating PMNs and monocytes.
It is not surprising, then, that this mediator is a major ho-
meostatic player in the complex phenomena that occur
during a resolving systemic inflammatory response. Figure
10 reports the pathways activated by LPS, in a schematic
manner, and shows how they could become deregulated
by annexin 1 absence.

Although more detailed investigations are warranted,
this first study indicates an exquisite protective role for
AnxA1 gene in experimental endotoxemia. The pheno-
type we reported here is reminiscent of recent clinical
re-evaluations of sepsis treatment’?° and suggests that
these data could be relevant for designing new therapeu-
tic interventions to control SIRS and related pathologies.
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